Abstract: A compact optical fiber light intensity detector based on an ionic-liquid-adorned microstructured optical fiber (MOF) is proposed. The light intensity detector is implemented by splicing an index-guiding MOF with two air holes in the innermost layer infused with ionic liquid (IL) between two segments of single-mode fibers. The transmission spectral characteristics of the proposed intensity detector under different power densities have been investigated from experimental as well as theoretical perspectives. Owing to modal interference effect and intrinsic absorption of the IL, the power density sensitivity reaches 1.5291 dB/(mW•mm -2 ) within a relatively linear range. The high sensitivity and feasibility of our proposed intensity detector is anticipated to serve as the key element, such as optical switch, in future all-optical networks.
Introduction
As an increasingly important sort of functional materials, ionic liquids (ILs) are a new molten salt system that consists of special cation and anion at ambient temperature [1] . Generally speaking, the dipolar interactions play a major role in common molecular liquids. However, the coulomb interaction or hydrogen bonding interactions are dominant in ILs, hence exceptional liquid structures can exist in ILs, which is inconceivable for molecular liquids [2] . Therefore, they demonstrate innovative physicochemical properties like high chemical and thermal stability [3] , low melting point [4] , high electrical conductivity [5] , and high nonlinearity [6] . The blooming studies focus on the applications of ILs as lubricants [7] , magnetic functional materials [8] , reinforced candidates for processing or dissolving of biomaterials [9] , extractive phases in the field of biotechnology [10] , etc. Moreover, some ILs present aggregate formation behavior [11] , [12] and large nonlinear optical responses under the action of external fields, implying that these functional ILs may find potential applications in the field of microfluidics and photo-electronics. However, the IL-based optical fiber sensors are unexplored up to date. Due to their significant and promising applications in optical storage, optical modulation, optical switching, and laser manipulation, fiber-based light intensity detectors have been extensively investigated in the advantageous perspectives of portability, immunity to electromagnetic interference, high geometric adaptability, and high sensitivity. A Mach-Zehnder interferometer (MZI) was fabricated by immersing the micro-fiber into ethyl orange solution to measure the light intensity based on wavelength interrogation technique, but it is not simply applicable in real cases for the read out system to detect the peak wavelength shift [13] . A loss-based light intensity detector has been proposed based on the switching effect in an index-matching-liquid-infiltrated photonic bandgap fiber, but the switching effect mainly originates from the thermal effect with laser illumination, making it only suitable for high light intensity detection [14] . Based on the photo-isomerization phenomenon, an intensity-interrogated optical fiber sensor was achieved by azo-photosensitized MOF, but the transmission loss did not exhibit remarkable change and the light intensity variation is concentration dependent [15] . Due to their promising applications in future all-optical networks, it is always valuable to develop novel light-driven fiber-optic devices.
In this letter, a loss-based light intensity detector constituted by an IL-adorned MOF has been proposed and experimentally demonstrated. The detector is implemented by selectively infiltrating two contiguous air holes in the cladding of the MOF with ILs, which leads to multimodal interference between the MOF fundamental core mode and the rod modes supported in the IL-infiltrated air holes. Owing to the modal interference effect of the modified MOF in combination with the absorption properties of the ILs in the near-infrared wave band, light intensity detection with high operability could be achieved based on loss-based interrogation approach. Fig. 1 shows experimental setup for the proposed light intensity detector, which consists of a supercontinuum broadband source (SBS), an optical spectrum analyzer (OSA: operation wavelength ranges from 0.6 μm to 1.7 μm), a sensor probe based on IL-adorned MOF, a 532 nm laser (laser facula area is ∼ 0.5 mm 2 ), a tunable attenuator (TA) used to adjust the power of the laser, and a convex lens to focus the laser light onto the sensor probe. The sensor probe is fabricated by photosensitizing the MOF with ILs (1-Ethyl-3-methylimidazolium dicyanamide with refractive index (RI) of 1.5307, Moni Chem. Eng. Sci. &Tech. Co., Ltd) based on the direct manual gluing method [16] . The core and cladding diameters of the MOF are 7.4 μm and 125 μm, respectively, and the material refractive index of the background silica is about 1.444 around 1550 nm. Two sections of SMFs are spliced with the modified MOF, and the length of the sensor probe is approximately 1 cm. When the input light is launched into the IL-adorned MOF, both of the fundamental mode and the cladding modes in the IL-infiltrated air-holes could be excited. Due to the overlap and different propagation constants of core mode and cladding modes, modal interference effect occurs in the IL-adorned MOF and a fiber-optic Mach-Zehnder interferometer could be achieved [17] . For simplicity, we assume that only two modes contribute to modal interference and the resultant light intensity distribution over the fiber cross section could be described as [18] :
Operation Principle and Experimental Setup
where η 1 and η 2 are the fractional power of each mode, r is the radial coordinate, f 1 (r ) and f 2 (r ) are the radial distributions of the electric field for each mode;
, L is the length of the sensor probe, namely the length of the IL-adorned MOF, β is the propagation constant difference:
where n e f f 1 and n e f f 2 respectively refer to the effective RIs, φ is the phase difference. According to (2) , as an external disturbance (e.g., light intensity in this letter) is applied on the sensor probe, the RI of ILs would change with the disturbance and the effective RI difference would change in the meantime, causing the interference fringe to shift accordingly. The transmission spectrum of the device is shown in Fig. 2 . It is clear that the free spectral range (FSR) around 1590 nm is 7.1 nm, and relatively large insertion loss is introduced because of the residual IL at the facet of the MOF during the splicing. It should be noted that two fringe dips abruptly get deepened around 1615 nm. In order to identify the number of the modes participating in the modal interference process, Fouriertransformation is performed onto the transmission spectrum, as shown in the inset of Fig. 2 . It is apparent that two spatial frequencies respectively corresponding to the fundamental core mode and one cladding mode are present in the frequency spectrum. According to two-mode interference principle, we have:
where λ is the wavelength of particular interference dip, n e f f is the effective RI difference between the two modes [about 3.56 × 10 −2 according to (3)]. To confirm what mode takes part in the modal interference process, the effective RI curves of the fundamental core mode and the three primary cladding modes are simulated based on the finite element method (FEM), as shown in Fig. 3 , whose insets give the typical mode field distributions. According to calculated values of n e f f , it could be deduced that the two primary modes participating in modal interference should be the fundamental core mode (d) and the cladding mode (c). Moreover, simulation results show that the effective RI curves of the core fundamental mode and the cladding modes do not intersect in the experimental measurement wavelength range of 1570 nm to 1635 nm, which means that the intermodal phase matching condition could never be satisfied, and in this case the unexpected two fringe dips around 1615 nm cannot result from the resonance coupling effect [19] .
To investigate the cause for the deepening of particular interference dips, a MOF with all of the cladding air holes infiltrated with ILs is fabricated to eliminate the influence of intermodal interference. As the RI of the IL is far higher than that of substrate in MOF, photonic bandgap effect is acquired, as shown in Fig. 4 . However, a transmission dip appears in one of the bandgaps around 1617 nm, which coincides with the position of the above-mentioned interference dips. The transmission spectral responses to temperature and force have also been investigated, as shown in Fig. 4 and its insets. It could be seen that the bandgap edges show significant shifts, whereas the transmission dip retains its peak wavelength, which indicates that the transmission dip most likely originates from the intrinsic absorption of ILs. Accordingly, the special fringe dips are caused by the resultant action of mode interference effect and the intrinsic absorption of ILs. 
Experimental Results and Discussion
By rotating the TA to adjust the light intensity, we have studied the transmission characteristics of the proposed detector, as shown in Fig. 5 . The transmission spectrum changes considerably in response to the variation of light intensity, and it should be noted that as appropriate laser power level is applied to minimize the light-induced thermal effect, the laser-induced temperature variation is less than 0.4°C [13] . Dip A, dip B and dip C are selected to investigate the spectral responses of the proposed detector to the variation of laser power density. With the increment of laser power density, all of the interefrence dips (such as dip C) experience significant blueshifts except the ones marked in the red rectangle, whereas the transmission loss of dip A presents dramatic change in comparison to the others, as shown in Fig. 5 . For dip B, the transmission loss and dip wavelength both change significantly.
The measurement results for the spectral blueshift could be attributed to the RI change of ILs, which is caused by the possible aggregate formation behavior of the ions under the laser irradiation. Although the ILs have large negative nonlinear RI, to avoid the laser-induced thermal effect, the power density used in our experiment is rather small to excite the nonlinear effect. Moreover, the temperature sensitivity of interference dip wavelength for the proposed MZI could be described as [20] :
where dn e f f /dT is the thermal coefficient of effective refractive index, the calculated temperature sensitivity is approximately 0.893 nm/°C. Calculation results indicate that the temperaturedependent wavelength shift should be no more than 0.36 nm. Therefore, the ion aggregation may be the dominant factor for the RI change of ILs under the laser irradiation [21] . Generally speaking, the ion aggregation would result in the RI decrease, similar to ferrofluid [22] . Assume the effective RI difference varies from n e f f to n e f f due to the RI change of IL induced by ion aggregation, the transmission dip wavelength shift λ m can be given by [22] :
where m is an integer. Fig. 3 shows that the effective RI for mode (c) is higher than that of the core mode, and when the RI of IL decreases the effective RI difference n e f f between the core fundamental mode (d) and the cladding mode (c) in the IL-adorned MOF decreases as well, causing a blueshift of the transmission dips according to (5) . The experiment results agree well with the above theoretical analysis. Transmission loss and interference dip wavelength under different laser power densities for dip B are presented in Fig. 6(a) . It can be seen that as laser power density increases from 0.12 mW/ mm 2 to 4.32 mW/ mm 2 , the transmission loss of dip B increases from −34.35 dB to −35.26 dB, and when the laser power density is further increased to 8.42 mW/ mm 2 , the transmission loss increases to −39.89 dB at a faster rate. However, the wavelength shift tends to be faster in the first stage and slower in the second stage, which shows opposite tendency to the transmission loss variation. This phenomenon should be associated with the resultant effects of two-mode interference and the intrinsic absorption of IL. As the laser power density increases from 0.12 mW/ mm 2 to 4.32 mW/ mm 2 , modal interference dominantly influences the wavelength shift of transmission dip B, while the transmission loss for this particular transmission dip change slightly. When the laser power density increases to 4.32 mW/ mm 2 , dip B shifts to the right edge of the intrinsic absorption dip of ILs, causing dip B to undergo the dramatic increase in transmission loss and the minor change in wavelength. The spectral responses of dip B could reflect the influence of the intrinsic absorption at the interference dip. Since the ion aggregation would change the physical properties of ILs without having impact on its chemical properties, the intrinsic absorption dip of IL would not alter much as laser power density changes. It can be deduced that the dynamic variation of dip B mainly depends on the interference dip wavelength shift and the dramatic increment of transmission loss results from the superposition of absorption dip and fringe pattern. Obviously, dip C derives from modal interference effect and the transmission loss changes irregularly with laser power density. However, the wavelength of dip C varies linearly with a sensitivity of −0.433 nm/(mW · mm −2 ), as shown in Fig. 6(b) .
The relationship between transmission loss and laser power density for dip A is presented in Fig. 7 . The transmission spectra exhibit nonlinear responses to the variation of laser power density. And within a power density range of 4.32 mW/mm 2 to 8.42 mW/mm 2 , the transmission loss linearly decreases with the increment of the laser power density, and the laser power sensitivity reaches 1.5291 (dB/mW · mm −2 ) with a R 2 value of 0.9922, as shown in the inset of Fig. 7 . It is worthy noted that the wavelength shift of dip A is less than 1 nm during the experimental process, which indicates that such a proposed device is a promising candidate to serve as a loss-based light intensity detector. Since dip A is located on the left edge of the intrinsic absorption dip, wavelength shift of dip A is caused by the minor absorption edge shift and the shift of interference fringes, in no regard to the laser power density. When laser power density decreases, the transmission loss of dip A increases accordingly. The slight deviation of the experimental data from the linear fitting curve should result from the slight temperature variation of ILs under the laser irradiation. As laser power density increases, the number of the aggregated ions would increase accordingly, making them the optical absorption centers. Hence the temperature of the ILs infiltrated in the air holes would slightly increase with the time being.
As summarized in Table 1 , light intensity detection with wider measurement range could be achieved based on the wavelength-interrogation approach using dip C. However, in order to reduce the complexity of sensing demodulation, the proposed device could also be employed as a detector based on intensity interrogation using dip A. Moreover, the detector has such merits as ease of fabrication, good reliability and high sensitivity, which ensure its applicability for practical uses.
Conclusion
In conclusion, a loss-based light intensity detector based on an IL-adorned MOF has been proposed and experimentally demonstrated by infiltrating ILs into two air holes to construct a modal interferometer. The RI changes of the ILs induced by laser irradiation would lead to the interference dip wavelength shift. Owing to the resultant effects of modal interference and the intrinsic absorption of ILs, the power density sensitivity reaches 1.5291 dB/(mW · mm −2 ) as the laser power density increases from 4.32 mW/ mm 2 to 8.42 mW/ mm 2 . Owing to its desirable merits such as high sensitivity, low cost, compact size and high feasibility, the proposed IL-based optical fiber sensor provides a promising candidate for light intensity detection. And moreover, such a detector paves a new way toward developing light-driven fiber-optic devices by combining the optical fiber transmission properties with material characteristics of ILs for future all-optical networks.
